We report detailed laboratory observations of the structure of a reconnection current sheet in a two-fluid plasma regime with a guide magnetic field. We make the first detailed laboratory measurements and quantitative analysis of the quadrupolar electron pressure variation in the iondiffusion region, as originally predicted by extended MHD simulations. The projection of the electron pressure gradient parallel to the magnetic field contributes significantly to balancing the parallel electric field, and the resulting cross-field electron jets in the reconnection layer are diamagnetic in origin. These results demonstrate how parallel and perpendicular force balance are coupled in guide field reconnection and confirm basic theoretical models of the importance of electron pressure gradients in establishing a current sheet geometry favorable for fast magnetic reconnection.
Magnetic reconnection, the change of magnetic topology in the presence of plasma [1] , enables explosive conversion of magnetic field energy to plasma kinetic energy in space and laboratory plasmas. The change in magnetic topology allows the rapid heat transport associated with sawtooth relaxation and self-organization processes in magnetic fusion devices [2, 3] . In many reconnecting plasmas in space [4] [5] [6] , solar [7] , and laboratory [8] [9] [10] [11] [12] [13] plasmas, reconnection proceeds in the presence of a finite guide field (GF) such that the magnetic field lines meet at an angle less than 180
• . In toroidal magnetic fusion devices, during tokamak sawteeth [14, 15] and relaxation events in reversed field pinches [2] , the GF is typically significantly larger than the reconnecting components.
Reconnection in laboratory and astrophysical plasmas typically occurs much faster than can be explained by the Sweet-Parker model where dissipation is due solely to classical plasma resistivity. Accordingly, a significant effort of simulations of guide field reconnection (e.g. [16] [17] [18] [19] [20] [21] [22] ) has been to understand mechanisms for fast reconnection. Compared to anti-parallel reconnection [23] [24] [25] [26] , the presence of a guide field significantly changes the dynamics of reconnection layers because the reconnection electric field and guide field are co-aligned, producing large parallel electric fields which must be sustained over the ion-diffusion layer [17, 18, 20] . A theoretical breakthrough was the proposal for the role of two-fluid mechanisms (the Hall term and electron pressure term in the generalized Ohm's law) for obtaining fast reconnection and large parallel electric fields, first put forward based on extended MHD simulations of the sawtooth relaxation at strong guide field [16] [17] [18] . An explosive onset [16, 17] and fast, resistivity-independent reconnection rates [18] were obtained in simulations which included the electron pressure gradient in the generalized Ohm's law, for current sheets thinner than the two-fluid scale ρ s = c s /ω ci (where c s = T e /m i is the ion sound speed and ω ci = eB/m i is the ion gyro-frequency). These two- fluid simulations found that electron density and pressure variations with quadrupolar symmetry with respect to the x-point formed in the reconnection layer, and showed that, even in 2-D axisymmetric systems, the in-plane pressure gradient balanced a significant fraction of the parallel electric field and controlled the reconnection rate [16] [17] [18] .
Previous experiments have reported some features consistent with this two-fluid guide field reconnection model: Egedal et al [10] showed that fast, spontaneous reconnection occurred coincident with the current sheet thinning to the ρ s scale. Experiments have observed a progressive tilting of the plasma density [31] and magnetic field [12] in the current sheet with guide field, which were attributed qualitatively to the j × B interaction of the Hall currents with the guide field. However, none of these laboratory experiments directly observed the quadrupolar pressure variation, or more importantly assessed its role in the generalized Ohm's law. Contemporaneous with the work here, the Magnetosphere Multiscale (MMS) Mission reported a density variation during a current sheet crossing [28] consistent with a quadrupolar density variation. However, the single-pass data from a small number of spacecraft leaves ambiguity as to the global 2-D (or 3-D) structure of the reconnection layer, and again the importance of the electron pressure variation in the generalized Ohm's law was not assessed, though understanding the generalized Ohm's law remains a goal of the MMS mission [29, 30] . In this Letter we report the definitive observation and quantitative analysis of the predicted quadrupolar variation of the electron pressure along the reconnection separatrices during magnetic reconnection with a guide field. Comprehensive 2-D profile measurements of density, temperature, and electric and magnetic fields obtained over ∼ 1000 reproducible discharges allow quantitative assessment of the role of these effects in the generalized Ohm's law for the parallel electric field [17, 18] for the first time,
We show that the resulting parallel gradient of electron pressure, ∇ || p e , obtained from projecting the in-plane pressure gradient along the magnetic field, balances the parallel electric field E || . Conversely, the 2-D profile also allows measurement of the region where E || is not balanced by the pressure gradient, which defines the electron diffusion region (EDR), where the parallel electric field instead must be balanced by a combination of the anisotropic (e.g. [27] ) or non-gyrotropic pressure tensor ∇ · Π e [19, 21] , electron inertia dj || /dt, and other anomalous dissipation. The full-width of the EDR is observed to be about 2-3 ρ s into the downstream away from the x-point along the outflow direction. We also show experimentally that the electron pressure and guide magnetic field pressure variations are in force balance across the magnetic field. The Hall current inflows near the reconnection layer therefore have a significant diamagnetic component, demonstrating how the diamagnetic drift can allow cross-field jets to arise even in strongly magnetized reconnection layers. The results are of particular interest for comparison with spacecraft observations by MMS; at the present there are only loose bounds on the diffusion region size from spacecraft measurements in the guide field regime [30] .
The present experiments were conducted on the Magnetic Reconnection Experiment (MRX) [12, 32, 33] . Figure 1 shows the geometry of the MRX device. The flux cores contain both poloidal field (PF) and toroidal field (TF) windings. The reconnecting, poloidal magnetic field is first established by current flowing in the PF coils, followed by plasma breakdown driven by induction through changing current in the TF windings. In these experiments, the TF windings are used in a null-helicity configuration [32] , which applies little toroidal guide field at the current sheet, and instead a 1/R toroidal field is ap-plied by an axial guide field (GF) winding. The plasma displays paramagnetism of the toroidal field on the global scale (∼20 cm) due to a compressive motion of plasma and toroidal magnetic flux into the downstream flux core region [12] . Magnetic reconnection is driven by a combination of ramping down the PF current (so-called "pull reconnection" [32] and ramping up current in upstream "drive" coils [34] . The newly-installed drive coils increase the physical reconnection electric field and help to center the current sheet reproducibly on the magnetic probe array, counteracting significant natural asymmetries that arise due to coupling between the applied GF and TF during plasma breakdown.
MRX discharges are conducted using helium plasma at gas fill pressures of 4 mTorr, against base pressures of 2 × 10 −6 Torr, obtaining n e = 1.5-2.5 × 10 19 m −3
and T e = 6-8 eV in the current sheet. The flux core separation was 40 cm from surface to surface. Typical reconnection electric fields of order 120-150 V/m are obtained. These electric fields, normalized to upstream Alfvenic rates B rec V A,rec . are 0.2-0.3, evaluated using the reconnecting components of the field 4 cm upstream of the x-point. The ion-sound gyroradius is roughly 4 cm using the total upstream magnetic field
As our analysis focuses on quantifying 2-D, axisymmetric reconnection mechanisms, we use a lower-current-density regime of MRX which does not display highly-transient, 3-D flux-rope structures in the current sheet [34] .
Detailed plasma profiles covering the "in-plane" coordinates (R, Z) are reconstructed from magnetic probes and scanned Langmuir probes (Fig. 2) . MRX employs hundreds of 3-axis magnetic pick-up coils, enabling a full 2-D map of the magnetic fields each discharge. Plasma density, temperature, and in-plane electric fields are measured by one to three Langmuir probes; 2-D profiles are assembled from a large set of discharges. In assembling the data set, we correct for shot-to-shot variation in the x-line position using the relative position of the probes from the measured x-point. Additionally, fixed-position reference Langmuir probes and the global magnetics measurements are used to discriminate which scanned probe data to include in the final data set. To map the pointdata to a grid, we use a radially-weighted averaging with a gaussian weighting function with a smoothing radius of 1.5 cm. To account for errors and uncertainty in this technique, including shot-to-shot variation in probe signals and x-point location, we use a statistical bootstrapping method, in which quantities are recalculated over a large number of random subsets of the data. This yields a set of realizations of the processed data, from which means and confidence intervals are calculated [35] . Figure 2 shows a detailed comparison of plasma profiles obtained from two experimental campaigns carried out at opposite signs of GF. At positive GF [ Fig. 2(a-c)] , B g = +0.8B up , three Langmuir probes were simultaneously scanned and the profile is constructed from 280 discharges. At negative GF (d-f), B g = −0.75B up , a single probe was scanned, over 850 discharges. Axis positions (∆Z, ∆R) on the figure are given with respect to the reconnection x-point. Panels (a) and (d) show the plasma current density, which is observed to tilt and extend along the high-density separatrix.
The electron pressure, shown in panels (b, e), is observed to have a significant quadrupolar pattern. The sign of the electron pressure variation flips with applied guide field, which is consistent with the associated ∇ || p e balancing E || . Furthermore, the pressure variations are not a result of a symmetric pressure profile tilting along with the magnetic field profile, instead the pressure differences are maintained along field lines from one separatrix to another. The magnitude of these pressure variations is quite large: for positive GF, electron pressures vary from 50 Pa (∆Z, ∆R) = (+0.07 m, +0.035 m) to 25 Pa (+0.07,-0.035), a factor of 2. Similarly, at negative guide fields, we measure an opposite but similarly large pressure variation from 60 Pa (+0.07,-0.03) to 20 Pa (+0.07, +0.03), a factor of 3. Therefore we quantitively establish very large quadrupolar pressure variations (100% or larger) between separatrices in guide field reconnection. Beyond the data shown here, quadrupolar pressure profiles were also obtained in previous data sets in both He and D 2 plasma.
The plasma potential V p , shown in panels (c,f), is also observed to have predominantly a quadrupolar pattern, as has been measured in previous guide field reconnection experiments on VTF [9, 10] . Such a structure is required to obtain E || = 0 on MHD scales, and is also consistent with E × B plasma flows through the current sheet. V p is measured from Langmuir probes using V p = V f + 3.6T e [36, 37] , where V f is the floating potential and T e the measured electron temperature.
The large quadrupolar plasma pressure and in-plane potential variations are qualitatively consistent with the two-fluid reconnection picture in the presence of a guide field. We now quantitatively analyze two aspects of this, first the in-plane force balance between field and pressure, and second, the contribution of the electron pressure gradient to the parallel Ohm's law.
First, the electron pressure variation is consistent with the j × B force between the in-plane Hall current and the guide field and analyzed in Fig. 3 . Figure 3(a) shows the overall structure of the reconnecting field across the current sheet, taken along a cut at ∆Z = 0. Figure 3(b) shows cuts of the out-of-plane B y component of the field at ∆Z = -0.04, 0, and +0.04 m (the error band indicates the 90% confidence interval). The differences between -0.04 and 0.04 m are due to the quadrupolar pattern of enhancement and depletion of the guide field [12] . Figure 3(c) then displays quantitative cuts of the plasma pressure and magnetic field pressure variations. We measure pressure differences at constant radius ∆R, between ∆Z = −0.04 m and ∆Z = +0.04 m, approximately 1 ρ s on each side of the x-point. The red band shows the guide field pressure variation (90% confidence interval), ∆B 2 y /2µ 0 , which is quantitatively evaluated as j R B y dZ from the magnetic field data. (A secondary magnetic force term j y B R dZ is small, both because B R is small in the inflow regions and because of symmetry of the integration limits with respect to the x-point, and therefore not shown.) The blue bands show the electron pressure difference. (Error bands indicate the 68% and 90% confidence intervals.) The guide field pressure variation is complementary to the electron pressure variation, consistent with force balance, and the pressure difference peaks approximately 0.5 ρ s upstream of the x-points. At ∆R = +0.02 m, from left to right, the electron pressure increases by 18 ± 5 Pa (90% confidence), while the magnetic pressure decreases by 22±1 Pa. At ∆R = −0.02 m, the electron pressure decreases by 12 ± 4 Pa, while the magnetic pressure increases by 15 ± 1 Pa. These are in balance with each other, within error bars; however, due to the relatively large error bars, additional ion pressure variations (not measured), up to 50% of the electron pressure variation, cannot be excluded.
The balance between the variation in the guide field and electron pressure demonstrates in-plane force balance. We now demonstrate that the pressure variation is also coupled to the parallel force balance. Figure 4 shows the evaluation of relevant terms of the parallel Ohm's law along the outflow direction at ∆R = 0. The total par- allel electric field E || has both an out-of-plane, inductive component and in-plane, dominantly-electrostatic component. The inductive component, E y · b y , where b = B/|B|, shown in gray, is evaluated from the magnetic probe measurements, and is finite throughout the downstream. The net parallel electric field E || , however, has additional structure due to the in-plane E r , which is evaluated from the plasma potential (Fig. 2 ). For this cut at ∆R = 0, b z = 0 and E || = E y · b y + E r · b r , which is shown in blue. (The error bands show 68% and 90% confidence intervals.) At the x-point, the in-plane component vanishes. As one progresses into the downstream, near ∆Z = +0.05 m, the in-plane component partly balances the out-of-plane component, however 50 ± 25 V/m remains uncompensated. Here, we observe that the electron pressure gradient term, ∇ || p e = b r ∂ r p e , contributes an additional 60 ± 25 V/m to balance the Ohm's law through rest of the measured downstream.
Returning to near the x-point (∆Z = 0) we find that E || is unbalanced, even accounting for ∇ || p e . In this region, the classical Spitzer resistivity is also is too low (by about a factor of 8) to balance the parallel electric field. This region defines the EDR where a combination of collisionless effects including electron inertia, the pressure tensor, and other anomalous resistivity must play a role to balance the electric field. Experimentally, we observe this region of unbalanced E || extends to a full width of 8-12 cm (2-3ρ s ) along the outflow direction. We also measure an EDR width of order 1-3 cm in the narrower inflow direction, comparable to the current sheet width. However, this is challenging to resolve below the 1 cm probe resolution in the scan, and a definitive measurement including scaling with various parameters of the current sheet will await future work, where we will explore all these dissipation mechanisms in greater detail. For the time-being, we note that available theory [21] for the magnitude of the pressure tensor for GF reconnection requires a diffusion region width of order the electron gyro-scale ρ e for a significant pressure tensor contribution. In the present experiments, ρ e ≈ 1 mm, which is significantly narrower than the observed EDR. This suggests that the electron pressure tensor may not be a significant effect during GF reconnection in MRX, consistent with previous findings at zero GF [38] . Preliminary measurements of pressure anisotropy of ≤ 20% in MRX suggest that this effect also does not balance the parallel electric field; the small anisotropy is consistent with the finite collisionality of MRX, where the electron collision frequency is significantly faster than times for the electron fluid to cross the reconnection layer, as has been recently analyzed in collisional PIC simulation [39] . Further candidate mechanisms to obtain momentum balance include anomalous resistivity or viscosity due to waveparticle interactions [11, 40, 41] .
To conclude, we have presented the first detailed experimental measurements of plasma profiles in a reconnection layer with a guide field demonstrating the existence of the long-predicted quadrupole electron pressure structure, the pressure balance between it and the variation in guide field pressure, and allowing quantitative analysis of its role in the generalized Ohm's law. By documenting parallel electric fields and quadrupolar pressure variations, this physics can become a tool to understand fast magnetic reconnection with a guide field in other space and laboratory plasmas [28, 29] . The scaling of the EDR with guide field strength and collisionality, and the mechanisms to balance the electric field in the electron diffusion region will be explored in future work.
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